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Abstract 
 
Polypyrrole (PPy) was synthesized by enzyme mediated oxidation of pyrrole using 
naturally occurring compounds as redox mediators. The catalytic mechanism is an 
enzymatic cascade reaction in which hydrogen peroxide is the oxidizer and soybean 
peroxidase, in the presence of acetosyringone, syringaldehyde or vanillin, acts as a natural 
catalysts. The effect of the initial reaction composition on the polymerization yield and 
electrical conductivity of PPy was analyzed. Morphology of the PPy particles was studied 
by scanning electron microscopy and transmission electron microscopy whereas the 
chemical structure was studied by X-ray photoelectron and Fourier transformed infrared 
spectroscopic techniques. The redox mediators increased the polymerization yield without a 
significant modification of the electronic structure of PPy. The highest conductivity of PPy 
was reached when chondroitin sulfate was used simultaneously as dopant and template 
during pyrrole polymerization. Electroactive properties of PPy obtained from natural 
precursors were successfully used in the amperometric quantification of uric acid 
concentrations. PPy increases the amperometric sensitivity of carbon nanotube screen-
printed electrodes toward uric acid detection.  
 
 
 
Keywords: biocatalytic polymerization; polypyrrole, natural redox mediators; uric acid 
sensor. 
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1. Introduction 
 
Polypyrrole (PPy) is one of the most investigated conducting polymers for biomedical 
applications due to its biocompatibility with several cell types [1,2] and high potential as 
electroconductive coating of scaffolds for tissue engineering [3].  
PPy is frequently synthesized by chemical or electrochemical oxidation methods. Chemical 
polymerization is often associated with generation of toxic byproducts, it is usually 
performed in high acidity reaction media, and requires a large amounts of oxidant [4,5]. 
Similarly, the electrochemical synthesis is carried out under acid conditions, and the 
polymer deposition is limited to the electrode surface [6,7].  
Enzymatic mediated synthesis of PPy is an environmentally friendly approach for 
producing the polymer under “soft” conditions while avoiding the generation of toxic 
byproducts. However, polymerization of pyrrole catalyzed by enzymes has received less 
attention as compared to the well-known enzymatic synthesis of other electrically 
conductive polymers, such as polyaniline [8,9]. This has been associated to the low 
catalytic activity of most oxidoreductase enzymes, commonly used for enzyme-catalyzed 
polymerizations, towards pyrrole. Ramanavicius et al. [10] used glucose oxidase as catalyst 
and found that in situ enzymatically generated hydrogen peroxide could be used as oxidizer 
for the polymerization of pyrrole. Interestingly, the polymerization rate was directly 
correlated to the catalytic activity of the enzyme. 
During the last decade, several methods have overcome the limitations for enzyme-
mediated synthesis of PPy by introducing redox mediators that act as electron shuttles, 
enabling the oxidative polymerization of pyrrole. Song and Palmore [11] reported the 
laccase-catalyzed polymerization of pyrrole by dioxygen in the presence of 2,2´-azinobis 
(3-ethylbenzothiazoline-6-sulfonate) (ABTS) at pH 4. They found that ABTS behaved both 
as redox mediator and as dopant during the pyrrole polymerization.  
Kupriyanovich et at. [12] studied the polymerization of pyrrole by using hydrogen peroxide 
and horseradish peroxidase (HRP) in the presence of ABTS mediator and electrolytes at pH 
4.5. The highest conductivity of polymer was reached when sodium polystyrene-4-
sulfonate (PSS) was used as dopant and template to induce the ordered growth of the PPy 
backbone.  
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Cruz-Silva et al. [13] synthesized PPy in high yield also using the hydrogen 
peroxide/HRP/ABTS system at pH 4. The same conditions were used to produce films and 
water-dispersible PPy colloids by adding polyvinyl alcohol as steric stabilizer.  
In a different approach, Bouldin et al. [14] reported the enzymatic-mediated formation of 
PPy with linear structure by using hydrogen peroxide/soybean peroxidase (SBP) at pH 3.5 
without the aid of a redox mediator. PSS was used as a charge-balancing dopant and 
dispersant for PPy, achieving conductivities that exceeded 3 S cm
-1
. Recently, laccase has 
also been used to synthesize PPy confined within polymer vesicles [15]. The 
characterization of PPy obtained through enzyme-mediated catalysis has shown that a 
fraction of the enzymes, redox mediators and dopant-templates remain within the structure 
of the synthesized polymer. Therefore, the potential toxicity of the reagents involved in the 
synthesis of PPy should be considered when the polymer is aimed at biomedical 
applications.     
In this work, SBP-mediated synthesis of PPy using acetosyringone (AS), syringaldehyde 
(SA) or vanillin (VA) as redox mediators is presented. These mediators are naturally-
occurring phenols that have been widely used as laccase mediators in different oxidation 
processes [16]. ABTS was also used as redox mediator for comparison purpose. In order to 
use mainly bio-based materials, we have chosen two natural polymers, hyaluronic acid 
(HA) and chondroitin sulfate (CS), which were incorporated during the synthesis as 
templates for PPy growth and dopant. Both HA and CS are anionic polyelectrolytes with 
potential use in biomedical field [17]. Taking advantage of the electrochemical activity of 
the synthesized PPy, we prepared an amperometric sensor for uric acid (UA) detection. The 
amperometric techniques are powerful analytical tools that are widely used in the 
electrochemical detection of biologically and clinically important species [18–21].  
The aim of this work is to study the possibility of synthesizing electroactive PPy in an 
environmentally friendly process by using natural polymers and redox mediators obtained 
from natural renewable resources.  
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2. Experimental Section 
 
2.1 Chemicals 
 
Soybean peroxidase (SBP; EC 1.11.1.7) was purchased from Bioresearch Products Inc 
(USA). The activity of enzyme reagent (native SBP) was 1280  86 IU mg-1, determined 
with guaiacol substrate (Aldrich, China) in buffer of 2-(N-Morpholino)ethanesulfonic acid 
(MES, 50 Mm, pH 6) (Aldrich, USA). A portion of the enzyme reagent was thermally 
treated at 100°C for 20 min in aqueous solution (denatured SBP) for control experiment. 
The residual activity of the denatured SBP was not determined by the standard procedure; it 
was considered that this thermal treatment is typically enough to reach its total inactivation 
[22–24]. Pyrrole (Py) (Aldrich, USA) was distilled under vacuum before use and stored in 
dark at about 0°C. Hydrogen peroxide (H2O2, 50%wt) (Aldrich, USA), acetosyringone 
(AS) (Aldrich, USA), syringaldehyde (SA) (Aldrich, Japan), vanillin (VA) (Aldrich, 
China), hyaluronic acid (HA) (Aldrich, Germany), chondroitin sulfate (CS) (Aldrich, 
China), 2,2´-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS) (Aldrich, USA), uric 
acid (UA) (Aldrich, USA), ascorbic acid (AA) (Productos Químicos Monterrey, Mexico) 
and dopamine (DA) (Aldrich, Germany) were reagent grade and were used without further 
purification. 
 
2.2 Synthesis of PPy 
 
In a typical synthesis, pyrrole (4 mmol) and the corresponding amount of redox mediator 
were dissolved in 30 mL of citrate buffer solution (100 mM, pH 4) in a three-necked flask 
reactor under nitrogen atmosphere. When HA or CS were used, these polymers were also 
dissolved in the buffer solution.  
Next, 2 mL of SBP solution in deionized water were added to the reactor. The 
polymerization started by the addition of 90.7 L aliquots of 5% H2O2 solution under 
nitrogen atmosphere at intervals of 5 min during 2.5 h until a total amount of 4 mmol of 
H2O2 was added. The temperature was controlled at 25°C unless otherwise specified.   
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After the peroxide addition, the mixture was allowed to react for further 2 h and then, the 
obtained product was collected by filtration, washed with deionized water and vacuum 
dried at room temperature.  
In the cases of using HA or CS, the product was rinsed with deionized water by successive 
centrifugation cycles at 9,000 rpm for 1 h in order to remove the soluble template and dried 
by lyophilization.      
 
2.3 Characterizations 
 
The electrical conductivity was measured by the standard two-point method on pellets 
compressed with a hydraulic press. The measurements were done at room temperature 
using an Agilent 34410A multimeter (Malaysia). The electrical conductivity reported is the 
average of three measurements of different pellet samples. X-ray photoelectron 
spectroscopy (XPS) characterization was carried out on VG-Microtech Mutilab 3000 
photoelectron spectrometer equipped with an hemispherical electron analyzer (50 eV pass 
energy) with 9 channeltrons and a X-ray tube operating at 300 W using the Mg- line at 
1253.6 eV. Fourier transformed infrared spectroscopy (FTIR) spectra were recorded in a 
Perkin-Elmer Frontier spectrometer (United Kingdom) by the KBr pellet technique. The 
morphology of samples was studied by using a field-emission scanning electron 
microscope (FE-SEM), ZEISS Merlin VP Compact (Germany) and a transmission electron 
microscope (TEM), JEOL 2010F (Japan). Samples were prepared by drying a droplet of the 
purified aqueous dispersion on an observation grid. 
 
2.4 Electrochemical detection of uric acid 
 
Electrochemical response of PPy as sensor for uric acid was studied with a bipotentiostat 
microStat 400 from Dropsens (Spain), using carbon nanotube (CNT) screen-printed 
electrodes 110CNT (Spain). The electrode strips consist of a working electrode (4 mm 
diameter) of carbon/carboxyl functionalized multi-walled carbon nanotubes, a carbon 
counter electrode, and a silver pseudo-reference electrode.  
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Electrode modification with PPy was achieved by casting a drop of PPy suspension. After 
PPy film deposition, the screen printed electrode was immersed into 9 mL of sodium 
phosphate buffer solution (PB, 100 mM, pH 7) and placed into a methacrylate cell adapted 
for screen-printed electrodes. Cyclic voltammetry (CV) experiments were performed at a 
scanning rate of 50 mV s
-1
. During the chronoamperometric measurements, aliquots of UA 
solution were sequentially added under stirring. All the electrochemical measurements were 
done at room temperature. 
 
 
3. Results and discussion 
 
3.1 Polymerization yield and electrical conductivity 
 
In order to study the effect of reaction conditions, we carried out several polymerizations 
summarized in Table 1. Yield and electrical conductivity were used to analyze the best 
conditions of synthesis for further characterization.  
 
Table 1. Mass yield and conductivity results of PPy as function of initial composition 
conditions in the synthesis (pyrrole:H2O2 molar ratio of 1:1 for all runs).  
Run Sample 
a
 
Enzyme 
(KU) 
Redox 
mediator 
(mmol) 
Dopant 
(mmol) 
b
 
Mass 
yield 
(mg) 
Electrical 
conductivity 
(S cm
-1
) 
1 Py 0 0 0 0 - 
2 Py-SBPd  6 
c
 0 0 0 - 
3 Py-SBP 6 0 0 33.0 2.6 x 10
-7
 
4 Py-SBP-SA 6 0.2 0 274.4 1.2 x 10
-8
 
5 Py-SBP-AS 6 0.2 0 74.3 2.2 x 10
-8
 
6 Py-SBP-VA 6 0.2 0 90.1 1.2 x 10
-6
 
7 Py-SBP-ABTS 6 0.2 0 170.5 1.6 x 10
-3
 
8 Py-SBP-VA+ 6 0.4 0 118.1 2.1 x 10
-6
 
9 Py-SBP-VA+-HA 6 0.4 2 30  6.7 x 10
-11
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10 Py-SBP-VA+-CS 6 0.4 2 247.6 6.1 x 10
-5
 
11 Py-SBP-VA+-CS + 6 0.4 4 369.2 1.5 x 10
-5
 
12 Py-SBP+-VA+-CS + 10 0.4 4 501.6 3.3 x 10
-5
 
13 Py-SBP+-VA+-CS + 
d
 10 0.4 4 447.4 1.1 x 10
-4
 
a
 Samples were identified based on the chemicals initially present in the reaction. 
b
 Based on the molecular repeat unit. 
c
 Enzyme kept at 100°C for 20 min in aqueous solution.  
d
 Synthesis performed at 5°C. 
 
The oxidative polymerization of Py with H2O2 in the absence of enzyme did not proceed at 
pH 4 buffered medium (run 1 in Table 1). The high oxidation potential of H2O2 indicates 
that is thermodynamically capable of oxidize Py but the kinetic limitations disfavor this 
reaction [25]. Similar result was found when denatured SBP was used (run 2 in Table 1), 
indicating that iron atoms derived from ferric heme group of the enzyme can not catalyze 
the reaction by themselves. 
On the other hand, native SBP led to PPy formation (run 3 in Table 1). This result is in 
agreement with a previous report that has shown the capability of SBP to oxidize Py 
monomer even without the aid of redox mediators in a truly enzymatic polymerization [14]. 
It has been accepted that the catalytic cycle of SBP involves the oxidation of the enzyme 
active site (from Fe
3+
 to Fe
4+
) by the H2O2 and the subsequent two step reductions to its 
native state upon oxidation of two Py monomers [14]. The low yield of PPy in this reaction, 
12.3% based on monomer, and the low conductivity can be related to the absence of 
anionic species required for stabilizing the cationic charge of Py moieties.   
The addition of natural redox mediators had a positive effect on the reaction yields (run 4-6 
in Table 1). SA, AS and VA are aromatic compounds with electron-donating substituents at 
the benzene ring which decrease the electrochemical potential of these mediators. The 
efficiency of these compounds as mediators in the oxidation processes has been related to 
their easy oxidation by redox enzymes, and the stability of their phenoxyl radicals [16]. 
When SA, AS and VA were added to the enzyme-mediated polymerization of Py, the mass 
yield increased by 8.3-, 2.2- and 2.7-fold, respectively, as compared to the same reaction 
carried out without redox mediators (run 3 in Table 1). This means that active species from 
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the three-redox mediators were able to oxidize Py monomers, accelerating the 
polymerization kinetics. The efficiency of the mediator depends on several parameters, 
such as the stability of its oxidized form, its own redox potential, the redox potential of the 
substrate and steric issues. Interestingly, the enhancement of the polymerization yield was 
significantly higher for SA than for AS and VA mediators, which evidenced the highest 
relative ability of the SA to be oxidized by the enzyme and/or to oxidize the Py. This is 
supported by the cyclic voltammograms of the mediators (supporting information) in the 
electrolytic solution used as reaction media, that showed lower anodic peaks for SA (0.04 
V, 0.26 V, 0.45 V) as compared with AS (0.41 V, 0.66 V) and VA (0.42 V, 0.65 V), which 
confirmed the highest suitability of this mediator to be oxidized. However, the use of SA 
did not increase the electrical conductivity of the resultant PPy contrary to that observed 
when VA was used. This contrasting effect of the SA addition could be attributed to an 
overoxidation of PPy backbone or some undesired side reactions as chain branching.      
The incorporation of ABTS (run 7 in Table 1) produced a 5.2-fold increase of mass yield 
comparing with the reaction in absence of redox mediator (run 3 in Table 1). This was an 
expected behavior since previous reports have demonstrated the effectiveness of ABTS as 
redox mediators in laccase- and HRP-mediated polymerization of pyrrole [11,13]. 
Moreover, conversely to the effect of SA, AS and also VA, the use of ABTS produced a 
four-order increase of conductivity of PPy. Under the polymerization conditions, the ABTS 
sulfonate groups (pKa = 2.2) [26] were fully deprotonated and the mediator existed as a 
dianion, which could have led to its incorporation as dopant, thereby significantly 
increasing the conductivity. On the other hand, non-charged SA, AS and VA mediators 
cannot assume the role as dopants, because their pKa values are 7.0 [27], 7.8 [27] and 7.9 
[28], respectively. 
Interestingly, by increasing the concentration of VA (run 8 in Table 1) a 1.3-fold increase 
of mass yield with respect to the product from lower VA concentration (run 6) was 
achieved. However, the conductivity was almost insensitive to the increasing of VA 
amount, indicating a non-significant influence of the redox mediator on the electronic 
structure of PPy.  
In order to improve the electrical properties of synthesized PPy, HA and CS were 
incorporated to the reaction. Because of the low solubility of HA under buffered conditions, 
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polymerization was performed in 200 mL of buffer (run 9 in Table 1). Even diluted 
conditions, the reaction mixture had high viscosity due to the large molecular mass and 
hydrophilicity of HA. Indeed, a viscous dark mixture was obtained at the end of reaction 
time. Poor reaction yield and suppressed conductivity evidenced that HA did not promote 
the biocatalytic polymerization of Py. These results agree with previous findings by Collier 
and et., who reported slow kinetics and suppressed conductivity for single-layer films of 
PPy/HA obtained from electrochemical method [29].   
On the contrary, the addition of CS produced a 2.1-fold increase of mass yield (run 10 in 
Table 1) as compared with similar synthesis without CS (run 8 in Table 1). The 
conductivity also increased in one order of magnitude. Unlike HA, which is a relative weak 
polyanion, it is highly likely that CS was incorporated to the final product as dopant. 
Comparing both polysaccharides, CS has a relatively higher charge density than HA due to 
the sulfonic groups, which could explain its better behavior as charge-balancing dopant.  
We were able to increase the mass yield by increasing the CS in the reaction media, with 
only a slight decrease in conductivity (run 11 in Table 1). Since the polyanion does not 
display any intrinsic conductivity, we believe that the electrical conductivity reduction is 
associated with the increase of the non-conducting phase in the PPy/CS final product. 
Interestingly, increasing the SBP concentration, higher PPy amount was obtained for same 
CS concentration, leading to a slight increase of conductivity (run 12 in Table 1). Finally, 
the polymerization performed at 5°C resulted in one order of magnitude enhancement of 
conductivity (run 13 in Table 1) as compared with similar procedure at 25°C (run 12 in 
Table 1), probably by decreasing the nucleophilic reactions of the Py radical with water. 
This result agrees with previous reports that indicated higher conductivities for PPy 
synthesized at lower temperatures via enzymatic [14], electrochemical [30] and chemical 
procedures [31].  
 
3.2 Physicochemical and morphological characterizations 
 
In order to analyze the effect of the ABTS and VA/CS on the chemical composition, we 
compared these samples by XPS analysis and the semiquantitative surface chemical 
composition results are shown in Table 2. 
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The high content of oxygen in the sample Py-SBP suggests that overoxidation of the 
polymer took place, or that the enzyme was entangled in the obtained polymer, probably 
linked to the PPy by physical interactions. In the sample Py-SBP-ABTS, the sulfur content 
confirmed the presence of ABTS as dopant. In fact, the N:S atomic ratio indicated that at 
least, at surface level, an excess of the ABTS amount required to achieve the maximum 
theoretical doping of PPy remained in the sample. This might be considered inconvenient 
for some biomedical application since ABTS toxicity has not been well examined, but its 
oxidizing nature suggests that it might behave as an oxidative stress inductor for cells. The 
presence of sulfur in sample Py-SBP-VA+-CS + also corroborated the CS incorporation. 
 
Table 2. XPS data of PPy synthesized in the presence of the SBP, SBP/ABTS and 
SBP/VA/CS. 
 
Atomic composition (%) Atomic 
ratio 
N:S 
C N S O 
Py-SBP 69.2 12.7 - 18.1 - 
Py-SBP-ABTS 70.5 12.3 5.0 12.2 2.5 
Py-SBP-VA+-CS + 69.8 9.3 1.9 18.4 4.9 
 
The C1s and N1s core-level spectra are shown in Figure 1. For all samples, the C1s peak 
was deconvoluted into three components. The main component at 284.5 eV arises from the 
C-C bonds. The peak at 286.1 eV can be related to C-N/C-O moieties whereas the 
contribution at 287.9 eV was derived from C=O bond [13,32,33]. Signals of carbon 
bounded to oxygen are typically found in PPy samples synthesized either by enzymatic 
[13], electrochemical [32] or chemical methods [33]. ABTS or VA/CS incorporation 
diminished the signal intensity of C=O bond (5.9 and 7.8%, respectively) as compared with 
sample Py-SBP (12.4%). This implies that ABTS- or CS-PPy association could hinder in 
some extent the negative effects of overoxidation of the conducting polymer. Interestingly, 
the highest amount of C-O contribution was found in sample Py-SBP-VA+-CS +, which 
agrees with the rich presence of this bond in CS, suggesting it was successfully 
incorporated in the polymer. 
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Figure 1. C1s and N1s core-level spectra of samples Py-SBP, Py-SBP-ABTS and Py-SBP-
VA+-CS +. 
 
The XPS spectra of N 1s region are also included in Figure 1. Samples Py-SBP and Py-
SBP-ABTS displayed the lowest binding energy component at 397.9 eV that was attributed 
to structural defects in the form of imine nitrogen (-N=), followed by the signal of neutral 
amine nitrogen (-NH-) at 399.7 eV with the strongest intensity and a peak above 400 eV 
attributed to positively charged nitrogen atoms [34]. The relative content of charged 
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nitrogen correlates with conductivity measured in samples (Table1). The sample Py-SBP-
VA+-CS + showed only the two components of higher binding energy. The absence of 
imine-type nitrogen suggests that CS promoted the orderly growth of PPy backbone, 
preventing the formation of structural defects. Since imine defects interrupt conjugation, it 
would be expected that a lower concentration of such defects would produce an extended 
conjugation and high values of conductivity. So, the relative poor conductivity obtained in 
Py-SBP-VA+-CS + compared with Py-SBP-ABTS and some other samples reported in 
literature [13,14], can be attributed to steric restrictions of the bulky CS dopant which could 
limit the interchain/intergrain hopping of charge carriers. Similar observations have been 
reported about the effects of bulky dopants on electrical conductivity [35]. However, this 
peak is higher for the Py-SBP-ABTS sample, and it could be related with the presence of 
ABTS in the polymer. 
Figure 2 shows the FTIR spectra of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-SBP-VA+-
CS + samples. The position of the typical bands of PPy is quite similar in all spectra. The 
broad band located from 3600 to 3000 cm
-1
 was attributed to stretching mode of N-H 
vibration. The band at 1578-1562 cm
-1
 was assigned to the C-C stretching vibration of Py 
ring. Signals at 1479 and 1484 cm
-1
 were detected for Py-SBP-ABTS and Py-SBP-VA+-
CS+, respectively, which correspond to C-N stretching vibration in the ring. Band at 1219-
1200 cm
-1
 was attributed to the breathing vibration of the Py ring. Sharp band at 1049-1041 
cm
-1
 was correlated to the C-H and N-H in plane deformation vibration. The strong signal 
at 932-924 cm
-1
 was related to C-H out of plane deformation. Band at 804-788 cm
-1
 was 
attributed to C-H out of plane ring deformation [36]. The spectra of all samples contain a 
signal at 1711-1682 cm
-1
, which can be assigned to carbonyl vibrations. This feature agrees 
with the presence of C=O signal in XPS spectra for same samples (Figure 1).   
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Figure 2. FTIR spectra of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-SBP-VA+-CS+ 
samples. 
  
The spectrum of PPy synthesized in the presence of ABTS shows additional bands at 650 
and 606 cm
-1
 that correspond to the bending modes of the sulfonate groups on ABTS. The 
characteristic bands of sulfonate groups were also detected around 607 cm
-1
 for sample Py-
SBP-VA+-CS + [11,12].  
Figure 3 illustrates the FE-SEM micrographs of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-
SBP-VA+-CS + samples. The powdery samples consisted of globular-shaped agglomerates 
with maximum sizes around 200 nm. This shape is typical of conducting polymers, whose 
primary particles have an intrinsic tendency to agglomerate due to their high surface 
tension arising from electrostatic and van der Waals interactions [37,38]. It should also be 
noticed that the average dimension of these clusters seems to decrease in the order Py-SBP 
 Py-SBP-ABTS  Py-SBP-VA+-CS +.  
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Figure 3. FE-SEM images of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-SBP-VA+-CS+ 
samples with scale bar of 100 nm. TEM images of (d) Py-SBP, (e) Py-SBP-ABTS and (f) 
Py-SBP-VA+-CS+ samples.  
 
TEM micrographs of the samples Py-SBP, Py-SBP-ABTS and Py-SBP-VA+-CS + are also 
included in Figure 3 d, e and f, respectively. Detailed observations of these images revealed 
that the agglomerate structures are formed by quasi-spherical nanoparticles. Other authors 
have found similar structures to those reported here for PPy prepared by H2O2-mediated 
reactions. For example, Leonavicius et al. obtained micrometric arrangements of 30 nm-
sized spherical PPy particles in H2O2 initiated polymerization performed in the presence of 
sodium dodecyl sulfate [38].  
Isolated particles of sample Py-SBP-VA+-CS + showed dimensions of around 25 nm (Figure 
3e). The nanometric size of PPy synthesized in the presence of natural precursors can be 
considered an additional advantage for its biomedical applications since it will allow 
optimizing the interaction of the polymer with biological environments. 
 
3.3 Determination of uric acid 
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In order to evaluated the electroactivity of PPy synthesized in the presence of natural 
precursors, we performed the electrochemical detection of uric acid (UA) using CNT 
screen-printed electrodes modified with sample Py-SBP-VA+-CS +. UA is the primary 
product of purine metabolism in the human body. It has been shown that abnormal UA 
levels can be associated with diseases such as gout, hyperuricaemia and Lesch-Nyham 
syndrome [39].  
Figure 4a shows cyclic voltammograms of unmodified and PPy-modified CNT electrodes 
in PB pH 7. In the absence of analyte, both electrodes exhibited no electrochemical 
response in buffer media. The addition of 80 M UA (Figure 4b) produced an increase of 
oxidation current with a peak recorded at 0.32-0.35 V corresponding to the oxidation of UA 
as it has been reported elsewhere [40,41]. It can be clearly observed that the peak current 
magnitude of PPy-modified CNT electrode was about three times higher than that recorded 
in unmodified CNT electrode. This enhancement of the amperometric sensitivity evidenced 
the electrocatalytic activity of modified electrode toward UA oxidation, and ultimately 
demonstrated the suitability of Py-SBP-VA+-CS + sample as mediator to shuttle the 
electrons between the analyte and the working electrode.    
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Cyclic voltammograms of unmodified and PPy-modified CNT electrodes in the 
(a) absence and (b) presence of 80 M UA in PB pH 7 at scan rate of 50 mV s-1.  
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Figure 5 illustrates the amperometric response of CNT screen-printed electrodes modified 
with sample Py-SBP-VA+-CS + under successive additions of UA. Inset shows the 
corresponding calibration curve of steady-state currents versus accumulated concentration 
of analyte. The currents increased linearly with UA concentration between 5 and 97 M. 
This response indicated a stable and efficient catalytic properties of sample Py-SBP-VA+-
CS +. The sensitivity against UA in the linear segment was found to be 47 A mM
-1
, which 
is comparable with values reported previously for non-enzymatic UA sensors [42].  
 
Figure 5. Amperometric response of CNT screen-printed electrode modified with sample 
Py-SBP-VA+-CS + upon the successive addition of UA in PB pH 7, with an applied 
potential +0.36 V vs Ag (Inset: plot of steady-state currents versus UA concentration). 
 
The selectivity of the PPy-modified CNT electrode toward UA oxidation was evaluated by 
sequential additions of dopamine (DA) and ascorbic acid (AA). UA, AA and DA are 
electroactive constituents of body fluids and they have similar oxidation potentials at 
carbon-based electrodes [43,44]. Figure 6 shows the chronoamperometric response of PPy-
0 250 500 750 1000 1250 1500 1750
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100
1
2
3
4
5
6
 
 
C
u
rr
en
t 
(
A
)
Time (s)
 
 
I(mA) = 1.11 + 0.047 [UA](mM)
R2= 0.99786
C
u
rr
en
t 
(m
A
)
UA concentration (M)
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
modified CNT electrode upon sequential additions of 10 moles of UA, 20 moles of UA, 
20 moles of DA, 20 moles of AA, 20 moles of UA and 20 moles of UA. As it can be 
seen in the plot, the DA addition produced a current increase of around 60% of the current 
caused by previous UA aliquot. On the other hand, negligible current response was found 
toward AA, as indicative of minimal interference in this case.  
 
 
 
Figure 6. Amperometric response of CNT screen-printed electrode modified with sample 
Py-SBP-VA+-CS + upon the successive addition of 10 moles of UA, 20 moles of UA, 
20 moles of DA, 20 moles of AA, 20 moles of UA and 20 moles of UA to 8 mL of 
PB pH 7, with an applied potential +0.36 V vs Ag. 
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4. Conclusions 
 
A new synthetic route was developed for the preparation of polypyrrole via enzyme-
mediated polymerization using redox mediators of natural origin and soybean peroxidase as 
catalyst. All three redox mediators, acetosyringone, syringaldehyde and vanillin, increased 
the reaction yield with non-significant influence on the electronic structure of the resultant 
polypyrrole. Natural redox mediators might have advantages over ABTS for biomedical 
applications such as in-vivo sensors. Enhancement of electrical conductivity of polymer 
was achieved by incorporation of chondroitin sulfate as charge-balancing dopant. It was 
also shown by XPS analysis that the polysaccharide promoted the orderly growth of 
polypyrrole backbone, preventing the formation of structural defects. Polypyrrole 
synthesized in the presence of vanillin and chondroitin sulfate was used as sensor in the 
electrochemical detection of uric acid, owing to its electrocatalytic activity toward uric acid 
oxidation and the linear amperometric response to the analyte concentration. Hybrid system 
of polypyrrole-chondroitin sulfate combines the electrical properties of the polymer with 
the biofunctionality and innocuousness of the polysaccharide, therefore it can be considered 
as a potential platform for biomedical applications. 
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Figure Captions 
 
Figure 1. C1s and N1s core-level spectra of samples Py-SBP, Py-SBP-ABTS and Py-SBP-
VA+-CS +. 
 
Figure 2. FTIR spectra of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-SBP-VA+-CS+ 
samples. 
 
Figure 3. FE-SEM images of (a) Py-SBP, (b) Py-SBP-ABTS and (c) Py-SBP-VA+-CS+ 
samples with scale bar of 100 nm. TEM images of (d) Py-SBP, (e) Py-SBP-ABTS and (f) 
Py-SBP-VA+-CS+ samples.  
 
Figure 4. Cyclic voltammograms of unmodified and PPy-modified CNT electrodes in the 
(a) absence and (b) presence of 80 M UA in PB pH 7 at scan rate of 50 mV s-1.  
 
Figure 5. Amperometric response of CNT screen-printed electrode modified with sample 
Py-SBP-VA+-CS + upon the successive addition of UA in PB pH 7, with an applied 
potential +0.36 V vs Ag (Inset: plot of steady-state currents versus UA concentration). 
 
Figure 6. Amperometric response of CNT screen-printed electrode modified with sample 
Py-SBP-VA+-CS + upon the successive addition of 10 moles of UA, 20 moles of UA, 
20 moles of DA, 20 moles of AA, 20 moles of UA and 20 moles of UA to 8 mL of 
PB pH 7, with an applied potential +0.36 V vs Ag. 
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Highlights 
 
 A new method of pyrrole polymerization using naturally occurring redox mediators 
and doping agents was studied. 
 The catalytic efficiency of different redox mediators towards pyrrole oxidation was 
evaluated. 
 Two different naturally occurring polymers were studied as bifunctional steric 
stabilizer/doping agents. 
 Polypyrrole improves the amperometric response of carbon nanotube screen printed 
electrodes towards uric acid sensing. 
